To explain quark and lepton masses and mixing angles, one has to extend the standard model, and the usual practice is to put the quarks and leptons into irreducible representations of discrete groups. We argue that discrete flavor symmetries (and their concomitant problems) can be avoided if we extend the gauge group. In the framework of SU (12) we give explicit examples of models having varying degrees of predictability obtained by scanning over groups and representations and identifying cases with operators contributing to mass and mixing matrices that need little finetuning of prefactors. Fitting with quark and lepton masses run to the GUT scale and known mixing angles allows us to make predictions for the neutrino masses and hierarchy, the octant of the atmospheric mixing angle, leptonic CP violation, Majorana phases, and the effective mass observed in neutrinoless double beta decay.
I. INTRODUCTION
Family and flavor symmetries of the observed quarks and leptons appear to be intimately related and remain much of a mystery today as to their precise structures. Although there is some ambiguity in the literature, here we make use of family symmetry to relate particles within a family of quarks and leptons as in the standard model (SM) or within some grand unified symmetry (GUTs) such as SU (5), SO (10) or E 6 . Flavor symmetry, on the other hand, relates families which appear to be replicas of each other. The flavor symmetry may be continuous as in the case of SU(3), SU(2), U(1) or discrete as in the case of Z 2 , Z 2 × Z 2 , S 3 , A 4 , S 4 , etc. (For reviews see [1] [2] [3] .) The conventional picture is to assume a direct product symmetry group, G family × G flavor , where G family is gauged but G flavor is discrete. The necessity of G flavor reflects the replication of families due to the fact that there are too few chiral, exotic free, irreducible representations (irreps) in the family groups for the observed chiral fermion families: just5 and 10 for SU(5), 16 for SO (10) , and 27 for E 6 .
Family and flavor unification requires a higher rank simple group. Some early attempts were based on SU(11), SU (8) , SU (9) and SO (18) , [4] [5] [6] [7] [8] but none were completely satisfactory [9] . More recently such unification has been proposed in the framework of string compactification, see [10] . Here we describe SU(12) models with interesting features that were constructed with the help of a Mathematica computer package written by one of the authors (RPF) called LieART [11] . This allows one to compute tensor products, branching rules, etc., and perform detailed searches for satisfactory models, although the predictions of such models are limited by the number of parameters needed to describe the data. We find that after all the known quark and lepton mass and mixing data are used to fit the data to our models, some predictions arise for the yet-unknown results for the neutrino mass hierarchy and individual masses, leptonic CP violation, octant for the atmospheric mixing angle, and the effective mass that can be observed in neutrinoless double beta decay.
Expanding the gauge group to eliminate all or part of the family and flavor symmetries has been discussed previously, see references [12] [13] [14] . An earlier version of an SU(12) model was previously published [15, 16] , but subsequently several issues were found with some of the details, which are corrected here. In addition, we have adopted a new approach, made a more extensive study of the possibilities within this SU (12) framework, and present a more comprehensive treatment of these models, all of which are discussed below.
II. INGREDIENTS OF A UNIFICATION GROUP
Our starting point is a supersymmetric SU(N ) unification group, where N must be large enough to assign chiral SU(N ) matter families to a number of irreps without the need for a flavor symmetry to distinguish the families. In practice this requires N ≥ 8, while models derived from orbifold compactifications of SO(32) and the heterotic string suggest N ≤ 14 [17] . The larger SU(N ) GUT group replaces both the conventional GUT and the flavor groups cited earlier.
A crucial issue then concerns the breaking of the large SU(N ) group to a smaller GUT/family group such as SU (5) which we choose for the rest of this paper. We consider symmetry breaking that occurs in two possible ways. In the conventional approach, the symmetry is broken one step at a time with the help of the SU(N ) adjoint scalar fields:
Then complex irreps are typically needed to break the U(1)'s and reduce the rank to 4.
(This choice was improperly made in [15] and negates some of the results of that paper.)
The other choice which we employ here reduces the rank in one step without any U(1)'s occurring, i.e., SU(N ) → SU (5) . This direct breaking preserves SUSY provided N is even, no SU(N ) adjoint is present, and the F-flat and D-flat conditions hold. As shown in [18] [19] [20] , a dramatic reduction in rank is possible provided the sum of the Dynkin weights vanishes for the vacuum expectation values (VEVs) involved in lowering the rank. This possibility exists for N = 12, as is easily demonstrated in Appendix A.
Other necessary conditions for a satisfactory unification group are the following. The matter fields must form anomaly-free sets of SU(N ) and SU(5) irreps with three SU (5) families. Restrictions on the Higgs fields also must obtain. The SU(5) Higgs singlets must arise from SU(N ) conjugate pairs to ensure D-flat directions, and they acquire SU(5) VEVs at the SU(5) GUT scale where the separation of scales is given by M SU(5) /M SU(N ) ∼ 1/50.
With the SUSY GUT scale occurring around 2 × 10 16 GeV, this implies the SU(N ) scale can be as high as 10 18 GeV, very close to the string scale. In addition, an SU(5) adjoint 24
should be present to break the SU(5) symmetry to the SM, but this adjoint should not be contained in an SU(N ) adjoint which would spoil the desired symmetry-breaking pattern.
One set or mixtures of two sets of Higgs doublets in 5 and 5 of SU(5) must be available to break the electroweak symmetry at the weak scale. The addition of massive matter pairs at the SU(N ) scale will then allow one to introduce an effective operator approach.
III. SU(12) UNIFICATION MODELS
After an extensive, but not exhaustive scan of possible SU(N ) models, we have found a relatively economical set of models for N = 12. Thus, for the rest of this paper we confine our attention primarily to the SU(12) unification group. This group has twelve antisymmetric irreps, ten of which are complex, while the 924 and singlet are real:
12, 66, 220, 495, 792, (924), 792, 495, 220, 66, 12, (1)
which can be represented by Young diagrams with one to twelve blocks stacked vertically in a single column. These irreps contain no SU (5) exotics. Among the smaller anomaly-free sets containing exactly three families of SU (5) 
where we assume any complex conjugate pairs of irreps become massive at the SU(12) scale.
Two of the anomaly-free sets, the first and fourth, are of special interest for the third family top and bottom quarks are neatly contained in the 66 which has one 10-dimensional irrep in the SU (5) 
one can see that the two anomaly-free sets of interest break at the SU(5) scale to the following sets of SU (5) 
where both have three chiral families containing the observed lefthanded quarks and leptons and lefthanded antiquarks and antileptons. The conjugate paired irreps all become massive at the SU(12) scale and are of no more interest to us.
The three SU(5) families can then be selected from among the following: 
where by Eq. (5) up to two sets of 495 and 220 and possibly more for 12 are available for selection. For our purposes, no discrete symmetry is needed to distinguish them. We have chosen an SU (12) higher dimensional irreps, the two pairs of numbers will be separated by a comma.
Singlet Higgs conjugate pairs can be selected from among: 
For simplicity we shall assume that the VEVs of the SU(5) Higgs singlets chosen in each model and their couplings to fermions are real and equal.
As emphasized earlier, a 24-plet Higgs, which must be present to break the SU(5) GUT symmetry down to the SM, can not be part of the SU(12) adjoint 143 in the one-step breaking of SU (12) to SU (5) . Instead, we find it best to include the SU(5) adjoint in the complex pair of (24) 
Because these irreps represent complex pairs, we shall also assume that their VEVs are complex conjugates of each other and assign a common VEV to the quarks and a different common VEV to the leptons. This can be accomplished if their VEVs point in the 2B − L direction which is a linear combination of the λ 15 and λ 24 generators of SU(5):
We then adopt the following notation for their VEVs:
Hence this choice provides a ready way in which to introduce complex phases into the mass matrices. The different VEVs generated from these Higgs fields will also prove useful to break the down-quark and charged-lepton mass spectral degeneracy.
In addition, we need a Higgs singlet to give mass to the lefthanded conjugate neutrinos.
Since all families of such neutrinos are in SU(5) and SU(12) singlets, it is convenient to introduce a (1)1 H Higgs singlet for this purpose. A dim-4 vertex mass diagram then requires that this Higgs singlet must change lepton number by two units, or ∆L = +2.
In general, two sets of Higgs doublets which remain light down to the EW scale where they get VEVs can be formed from linear combinations of the 5's and 5's of SU (5):
In what follows in Sect. IV., it will become apparent that the ( 
We can now proceed to construct the most general Higgs and Yukawa superpotentials preserving R-parity, where the Higgs superfields and the matter superfields are assigned R-parity +1. The Higgs superpotential with the three-point couplings involving all Higgs fields which appear in SU(12) has the following SU(5) and SU (12) 
The corresponding Yukawa superpotential has the following structure: With these ingredients in mind, we can now construct SU(12) models whose renormalizable and effective higher-dimensional operators determine the elements of the quark and lepton mass matrices. The fitting procedure to be described later then allows us to deter-mine which models are viable and acceptable in describing the quark and lepton mass and mixing data.
IV. SU(12) MODEL CONSTRUCTION WITH EFFECTIVE OPERATORS
Starting with either the first or fourth anomaly-free sets of Eq. (5), we can assign SU (12) irreps for the three SU(5) (10) family members defining the up quark mass matrix (M U ), the three ( 
For all other U matrix elements, the effective operators will be dim-5 or higher, with one or more singlet and adjoint Higgs fields, as well as the (5) 
where only one SU(5) family is assigned to each of the SU(12) irreps in the set. It is to be understood that aside from the third (10) family member being associated with (10)66 3 , all permutations of the family assignments are allowed.
Since all the non-trivial SU(12) irreps in the set have already been assigned, the conjugate lefthanded (or heavy righthanded) neutrinos must appear in stand alone SU(12) singlet irreps, i.e., (1)1's, one for each massive Majorana family:
with the assumption of three families of righthanded singlet neutrinos.
B. Construction of the Mass Matrix Elements
We now have all the necessary ingredients to assemble the renormalizable and effective operator contributions to the four Dirac and one Majorana mass matrices. We begin the actual mass matrix constructions with the U matrix where, as noted earlier, the only suitable dim-4 contribution arises for the 33 element which involves the (5)495 H EW Higgs, which we repeat here,
In order to obtain an appropriate hierarchy for the Uij mass matrix elements, all other matrix elements must arise from dim-5 or higher contributions involving the ( 
The transverse conditions apply for the corresponding Lji Yukawa matrix elements.
Higher dimensional contributions can involve not only (10) and ( (1) and (24) Higgs vertices.
For the M DN mass matrix connecting the SU(5) (5) lefthanded neutrinos with the (1) lefthanded conjugate neutrinos, we assume that the same (5) In general, a restricted set of Higgs singlets and/or massive fermions may provide just one contribution to each mass matrix element. Allowing more and more Higgs singlets and massive fermion insertions may lead to many contributions of the same, higher, or even lower order for certain matrix elements. Since only the lowest-dimensional contributions per matrix element are of interest, the more contributing tree diagrams that appear, the flatter the hierarchy will tend to be for any given mass matrix.
C. Illustrated Structure for One Model of Interest
We have selected one model leading to interesting mixing results as a way of illustrating the steps involved to form the mass matrices and their consequent mixing matrices and mixing parameters. The model in question has the following family structure, massive fermions, and Higgs fields:
Massive fermions: 12×12, 66×66, 220×220, 495×495, 792×792
Higgs bosons: 
From the above irreps appearing in the model, we can construct the leading-order contributions to each Yukawa matrix element. The complete list for this model is presented in Appendix B. for the U, D, L, DN, and MN matrix elements. For the U Yukawa matrix, dimensional contributions of order 4, 5, and 6 are found to appear, which are scaled according to the ratios 1 : ε : ε 2 , where ε is related to the ratio of the SU(5) scale to the SU (12) scale. More precisely, ε is set equal to the ratio of a singlet VEV, times its fermion coupling, divided by the SU (12) The five mass matrices for the model in question then are found to have the following textures:
The corresponding h's are the prefactors to be determined numerically and are all required to lie in the range ±[0.1, 10] to achieve a satisfactory model that avoids fine tuning. Note that M U exhibits a hierarchical structure, M DN and M MN do not, while M D and M L have no simple hierarchical structure.
V. MODEL SCAN AND FITTING PROCEDURE
In this section we explain the aforementioned computerized model scan in more detail.
The scan determines anomaly-free sets of family assignments for SU(N ) irreps and scans possible unification models by adding EW Higgs fields and SU(5) Higgs singlets, as well as sets of massive fermions in a systematic way. The scan is built on top of LieART for the determination of tensor products extended to handle products of embeddings as described in Sect. III. Potential models are fit to phenomenological particle data, such as masses, mixing
angles and phases, to analyze their viability. The scan is not restricted to SU(12) or a specific anomaly-free set of family assignments as discussed in this article, but we found SU(12) to be the lowest rank yielding realistic models not requiring discrete group extensions of the symmetry, and its lowest anomaly-free set of irreps is maximally economical as it assigns all SU(12) irreps to SU (5) of the model parameters to the known quark masses and mixing angles, as well as charged lepton masses, at the GUT scale according to [21] . (3) Only for viable quark models do we loop over assignments of SU(12) irreps embedding SU(5) singlets as Majorana neutrinos.
These assignments allow the construction of the M DN and M MN mass matrices and thus a fit to the lepton sector phenomenology. To this end we fit the M DN and M MN prefactors, as well as the righthanded scale Λ R , to the known neutrino mass squared differences and two PMNS mixing angles. The M U , M D and M L prefactors and all other parameters from the quark sector remain fixed as determined by the first fit to avoid the variation of too many fit parameters at once. The lepton sector fit is performed twice: one favoring normal and the other inverted hierarchy of the light neutrino masses. Further details follow below.
A. Scan of Assignments
First, a list of anomaly-free sets of totally antisymmetric SU(N ) irreps that yield three families on the SU(5) level is constructed, where N > 5. The list is ordered by the total number of SU(N ) irreps in the sets and, since there is an infinite number of anomaly-free sets, is cut off at some chosen maximum. For SU(12) a list of the simpler anomaly-free sets has been given in (3) . In looping over this list, the scan performs family assignments only for irreps from one set at a time to ensure freedom from anomalies.
For each anomaly-free set the scan loops over the SU(12) irreps containing 10's of SU (5) for the assignment of the three up-type quarks to construct the M U mass matrix. In terms of Young tableaux the 10's are embedded in the upper part of the column for the SU (12) irreps, i.e., the regular embedding. Similarly, the scan loops over the SU(12) irreps containing 5's of SU (5) for the assignment of the three down-type quarks and leptons in a later step.
In a third loop the scan constructs subsets of possible assignments of EW Higgs doublets, SU(5) Higgs singlets, and massive fermion pairs. Both, the SU(12) Higgs irreps and the massive fermion pairs are selected from all totally antisymmetric complex irreps with the SU(5) EW Higgs and Higgs singlet irreps being regularly embedded. For our special SU (12) scenario at hand we add the (24)5148 H and (24)5148 H to accommodate a CP phase and to abet the breaking of SU (5) to the SM. To reduce the number of Higgs sets from the beginning, we keep only those EW Higgses that yield a dim-4 mass term for the U33 element with the selected third-family fermion assignment, i.e., the largest contribution to the top-quark mass term at lowest order, as pointed out in Sect. IV B. For the simple anomaly-free set of SU(12) the only possible U33 at dim 4 using the regular embedding is given in expression (17) . The loop over Higgs and massive-fermion-pair subsets starts with the smallest set of Higgses and massive fermions increasing to larger ones. Limits on the subset size can be imposed to focus on economical models.
With the assignments of the SU(12) irreps containing the 10's of SU(5), the 5 H 's associated with EW doublets, and SU(5) Higgs singlets, as well as massive fermions assigned to SU (12) irreps, the U matrix elements can be constructed. For a given set of fermion, the scan tries to construct diagrams for each matrix element beginning with a minimum, dim-4 or higher. If none is found at some dimension, it tries a higher dimension up to an adjustable upper limit. If one or more diagrams for a given dimension is found, the scan will turn to the next matrix element. Thus, only the lowest order contribution is taken into account. The algorithm allows one to set a range of admissible dimensions for each matrix element, e.g., the U11 element must not be of dimension 4 or 5, but may be of dimension 6 or 7. It is also possible to allow for no contribution up to a maximum dimension, i.e., there may be no contribution at all amounting to a texture zero or a contribution of an even higher dimension, which is not analyzed further. We fit the quark sector and the charged leptons to phenomenological data run to the GUT scale taken from [21] . The description of this fit and the lepton sector fit is deferred to the next section. Since the quark sector is fully determined without the assignment of lefthanded conjugate Majorana neutrinos, we detach quark and lepton sector fits, to avoid fitting seemingly complete models where the quark sector itself does not reproduce SM phenomenology.
For models with quark and charged lepton sectors determined to be viable by the fit, a last loop over subsets of irreps assigned to Majorana neutrinos is performed. This requires SU(12) irreps containing SU(5) singlets. They are taken from unassigned irreps of the anomaly-free set or from additional SU(12) singlets, since they do not need to be chiral.
The M DN and M MN matrices are constructed in analogy with the M U and M D matrices.
Once they are known, the lepton sector can be fit as well using the fit results of the quark sector performed in the stage prior to the assignment of Majorana neutrinos.
B. Quark and Lepton Sector Fits
Now we return from a more general description of the scanning procedure to our specific model setup to describe the separate quark and lepton sector fits to phenomenological data using the simplest anomaly-free set of SU (12) and the addition of (24)5148 H and (24)5148 H scalars with complex valued VEVs introducing a source of CP violation. (11) and asymmetric contributions to the M U matrix, we refrain from imposing any symmetries on the prefactors and allow them to remain independent parameters. Thus, we have 27 real prefactors (9 per mass matrix), one real ratio ε, one complex ratio κ, and the EW VEV v u , yielding a total of 31 parameters for the quark sector fit.
As initial values of the fit parameters we choose ε=|κ| = 1/6.5 2 =0.0237, motivated by initial values for such a model are tried until we either find a successful fit, or after a certain number of trials have been performed without success, we discard the model.
We perform the fit against phenomenological data at the SU(5) unification scale using values for the six quark and three charged lepton masses from [21] . We use the measured values of the three quark mixing angles and phase. The renormalization group flow of the CKM matrix is governed by the Yukawa couplings, which are small except for the top quark.
According to [23] the running of the matrix elements of the first two families is negligible and small for the third family. Thus we have neglected the running of the quark mixing angles and phase. In total we use 13 phenomenological data points.
The phenomenological implications of the models are compared with data by diagonalizing the mass matrices to obtain the quark and charged lepton masses and determine the CKM matrix from the unitary transformations diagonalizing M U and M D . By transforming the CKM matrix into the standard parametrization, the three mixing angles and the CKM phase are easily obtained, as we explain in the following.
Since the Dirac matrices M U , M D and M L are generally not Hermitian, we form their lefthanded Hermitian products and diagonalize them with lefthanded rotations to obtain positive real eigenvalues as squares of the corresponding masses:
The Cabibbo-Kobayashi-Maskawa (CKM) matrix V CKM encodes the mismatch of the mass and flavor eigenstates of the up-and down-type quarks and is calculated from the unitary transformations U U and U D :
The CKM matrix in standard parametrization of the Particle Data Group [24] with c ij = cos θ ij and s ij = sin θ ij is given by 
A CKM matrix obtained by (27) 
Lepton Sector Fit
Only quark models with a reasonably good fit are extended to include assignments of the lefthanded conjugate Majorana neutrinos in a loop over all their possibilities. For the simplest anomaly-free SU(12) model of interest here, since all six non-trivial irreps have been assigned to the SU(5) 10 and 5 family irreps, the three heavy neutrinos are all assigned to SU(12) singlets. The M DN and M MN matrices are then determined, and the complex symmetric light-neutrino mass matrix is obtained via the Type I seesaw mechanism,
By convention, the complex symmetric M ν matrix is to be diagonalized by the unitary
to yield positive real eigenvalues m i . This requires a very special unitary U ν transformation, for in general the eigenvalues will be complex. To acquire the desired result, we form the Hermitian product M † ν M ν and perform the unitary transformation by using (33),
to obtain positive real eigenvalues, m 2 i , and the transformation matrix U ν . Clearly, Eq. (34) is invariant to a phase transformation Φ from the right together with its conjugate phase transformation from the left. We now define U ν = U ν Φ to be the special unitary transformation, operating on M ν as in Eq. (33), which makes the neutrino mass eigenvalues real for the appropriate diagonal phase matrix Φ . The Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [25] , V PMNS , follows from U ν and the unitary transformation U L diagonalizing the charged lepton mass matrix M L , according to
The PDG phase convention [24] for the neutrino mixing matrix U PMNS follows by phase transforming the left-and right-hand sides of V PMNS and then writing
where The effective mass | m ee | for neutrinoless double beta decay [24] follows from Eq. (36) according to
This assumes that the light neutrino masses are the major contributors to the corresponding loop diagrams for the effective mass contribution to neutrinoless double beta decay [26] .
We fit the lepton sector with recent neutrino data [27] [21] and the neutrino data from [27] .
C. Fitting Results for Special Case Illustrated
We begin with the known data, evaluated at the SU(5) GUT scale, which will be fitted with the five model parameters and prefactors for the five mass matrices. For the quark and charged lepton sectors, this consists of the nine masses and three CKM mixing angles and one phase listed in Table I . For the lepton sector, we make use of the three neutrino mass squared differences and two of the three neutrino mixing angles which are also given in Table I 
0.55ε 4.6ε 0.37
with the parameters found to be ε = 0.01453, κ = 0.02305 e i27.53
It turns out for this special model, both NH and IH solutions can be found. With the parameters determined as above, the two sets of neutrino mass matrices are given by
for NH and by 
while for the IH case, shown that only the (5)12 H appeared in successful models for the simplest anomaly-free set.
Hence it suggests that we also consider the (5)495 H to contain an inert Higgs doublet.
Concerning the permissible family assignments for the three (10) It is to be understood that the massive fermions and Higgs singlets occur in both unbarred and barred irreps. Table II are the fit parameters ε, |κ|, and arg(κ) which are adjusted to help give good fits to the charged lepton masses and to the quark mass and mixing data. To give a more complete picture of the results obtainable for successful models, we have made five separate complete runs of the scanning and fitting procedure outlined above and labeled them by their run number in Table II . Due to the Monte Carlo nature of the prefactor fitting, it is apparent from the table that no successful model assignments were obtained for all five runs, and in many cases for only two or three of the runs. Nevertheless, the results are instructive.
Also included in
For succesful models found in run 4, we present in Table III the predictions for the neutrino mass and mixing parameters that were obtained with fits of Λ R and the known neutrino mass and mixing parameters, namely, the three ∆m 2 ij 's and the two sine squares of θ 12 and θ 13 . In particular, we list for each model the neutrino mass hierarchy MH, Λ R , the unknown heavy righthanded Majorana neutrino masses M 1 , M 2 , M 3 , the light neutrino masses m 1 , m 2 , m 3 , sin 2 θ 23 , the Dirac leptonic CP phase δ, the Majorana phases φ 1 and φ 2 , and the effective mass parameter | m ee | for neutrinoless double beta decay. The latter prediction assumes the light neutrino masses are the major contributors to the corresponding loop diagrams. Of course there are large spreads in the resulting predictions due to the Monte Carlo adjusted fit parameters and large number of matrix element prefactors. In a number of family symmetry cases listed, both normal and inverted hierarchy models are acceptable with quite different sets of matrix element prefactors and Λ R . Of the 31 models found in In order to better grasp the distributions of results obtained in all five runs, we present several scatterplots. In Fig. 1, δ 
VII. SUMMARY
To explain quark and lepton masses and mixing angles, one has to extend the standard model by putting the quarks and leptons into irreducible representations of a discrete group.
We argue that discrete flavor symmetries can be avoided, if we extend the gauge group to the point where the discrete symmetry is no longer needed. By consolidating flavor and family symmetries into a single gauged Lie group we eliminate the problems associated with discrete symmetry, e.g., violation by gravity, domain walls, etc. We have given explicit examples of models having varying degrees of predictability obtained by scanning over groups and representations and identifying cases with operators contributing to mass and mixing matrices Table II . for both normal and inverted hierarchy. that need little fine-tuning of prefactors. Models in SU(12) are particularly interesting.
We have been guided by simplicity. Starting with SM×G flavor , we let SM→ SU(N ) and increase N until we can eliminate G flavor and still fit known mass and mixing data. This process is rather involved. First we place the SM particles in SU(5) irreps. Beginning with anomaly-free sets of irreps containing three families of fermions, we then assign the familȳ 5 and 10 irreps to SU(N ) irreps in a way that is consistent with known data. This requires scanning over fermion assignments and Higgs irreps to allow the necessary Yukawa coupling terms in the Largangian to generate successful models. The Higgs irreps are also required to be capable of breaking the symmetry directly from SU(N ) to the SM without breaking SUSY. Since there is an infinity of possible models, the scan is directed and limited in various ways toward finding the simplest class of examples.
We begin to find satisfactory models that require no discrete G flavor symmetry at N = 12.
Smaller N is insufficient to fit the data without keeping at least a small discrete flavor group.
Larger N typically gives too many parameters, hence we have focused on N = 12, which seems to be the "sweet spot" for model building. In particular, the smallest anomaly-free set in SU (12) which is 66 + 495 + 2(220) + 2(12) stands out for its simplicity. It contains six irreps, and it turns out that we can assign a single one of the six to each of the5's and 10's in the three families of SU (5) . All other three-family sets in SU(12) have more than six irreps, hence some of the irreps in the anomaly free sets cannot contain light fermions. We have limited our focus to this simplest anomaly-free set; however, there are still numerous issues to consider, e.g., which5 or 10 to assign to each of the SU(12) irreps, which Higgs fields to include, how to include righthanded fermion singlet neutrinos, etc. To handle these issues we rely on scans over assignments. As described in the text, the scans systematically consider models, generate mass and mixing matrices, compare them with data, and those that do not drop by the wayside are kept, while those that fail tests along the way are eliminated from consideration. The result is approximately 30 models for each complete scan (labeled I and II for their 10 assignments, and A, B, and C for the assignment of their5's) that satisfy our criteria of providing a fit to all known mass and mixing data which is little fine-tuned, while providing predictive power that can distinguish amongst our models and also discriminate between them and other models in the literature. Once the fits of masses and mixings are complete for our models, they allow us to make further predictions for the neutrino masses and hierarchy, the octant of the atmospheric mixing angle, leptonic CP violation, Majorana phases, and the effective mass observed in neutrinoless double beta decay.
Our purpose has been to unify family and flavor symmetries into a single gauge group.
What we have achieved is a demonstration that mass and mixing data can be fit within a class of models where the only symmetry is a gauged SU (12) . Furthermore, these models can be predictive and distinguished from discrete flavor symmetry models. In addition, N = 12 is small enough that it is conceivable that a model of this type can be contained within a compactification of the superstring.
Among interesting features that have arisen in finding apparent satisfactory models are the following. While we have emphasized the simplicity in assigning the three families of quarks and leptons to irreps of the smallest anomaly-free set of SU(12), the massive lefthanded conjugate (or righthanded) neutrinos must be placed in singlets of both SU (5) and SU (12) . We have made the conventional choice of three such neutrinos, but it is clear that one could also have considered only two, or included several additional singlet sterile neutrinos in the model. Finally, we have shown for the successful models that the neutrinoless double beta decay experiments may need to reach down to an effective mass | m ee | ∼ 10 meV, in order to eliminate an inverted light neutrino mass hierarchy. We also note that the present cosmological constraints on the sum of the light neutrino masses [28] , Σm ν,IH < 0.20 eV, are insufficient to eliminate any of the apparently successful IH models. we give them VEVs, they then break a portion of that subalgebra. This in turn lowers the overall rank of the remaining symmetry group. Our interest here is in giving VEVs to antisymmetric irreps of SU (12) to break the gauge symmetry directly to SU (5) . These irreps are all complex except for the antisymmetric tensor with 6 indices which is real. A scheme for giving VEVs to antisymmetric tensor irreps of SU(N ) to reduce rank was devised in [18, 19] where vanishing total Dynkin weights for the VEVs provides gauge spontaneous symmetry breaking (SSB) without SUSY breaking.
Here we demonstrate that the direct gauge SSB of SU(12) → SU (5) 
where the VEVs can be in three different 12s and in the two different 495s. We take all
VEVs to be of equal magnitude. The corresponding Dynkin weights given in the same order as the above VEVs are: 
Summing the weights as in vector addition, we get zero total weight so SUSY remains unbroken. Note that these VEVs give a minimum for the Higgs potential at zero, as required by SUSY. There could be some flat directions at this minimum, but since there are many terms in the superpotential this is not the generic situation.
The second example involves the simplest anomaly-free set which is of most interest in this paper, 66 + 495 + 2(220) + 2(12), with its scalar superpartners which are assumed to get VEVs, aside from the two 12's, along with a pair of Higgs singlets 12 H and 12 H .
With the same tensor notation as above, we can form the following tensor contraction of the VEVS, 
The sum of the Dynkin weights vanishes, so SU(12) → SU(5) and SUSY remains unbroken.
APPENDIX B. Matrix Element Contributions to the Selected Model
Here we present in Table IV the leading diagrams contributing to the Yukawa matrix elements for the quark and lepton mass matrices of the special model considered in Sect. IV C. Several diagrams of the same dimension contribute to a given matrix element in many cases as listed. These diagrams apply for the IC6 class of models listed in Table II . (10) 
